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S U M M A R Y
Objective: To assess whether interferon gamma (IFN-g) secreted by decidual natural killer (dNK) cells at
the maternal–fetal interface is involved in the apoptosis of trophoblast cells (trophoblasts) following
Toxoplasma gondii infection.
Methods: Human dNK cells were infected with T. gondii and then co-cultured with trophoblasts. The
infected co-cultured cells were treated with or without IFN-g neutralizing antibodies. Uninfected co-
cultured cells were used as controls. The level of IFN-g in the supernatant of co-culture was measured by
ELISA and the apoptosis of trophoblasts was analyzed by ﬂow cytometry. The expression of caspase 3 and
caspase 8 of trophoblasts cells was determined by Western blotting and real-time RT-PCR.
Results: The levels of IFN-g were increased at <24 h following T. gondii infection and were maintained
thereafter. Caspase 3, caspase 8, and the apoptosis of trophoblasts co-cultured with dNK cells were
increased compared with the control. Meanwhile, IFN-g, caspase 3, caspase 8, and trophoblast apoptosis
were up-regulated upon increased ratios of dNK cells to trophoblasts. Compared to the infected group,
the levels of IFN-g, caspase 3, caspase 8, and trophoblast apoptosis were signiﬁcantly decreased upon
treatment with the IFN-g neutralizing antibody. IFN-g levels were correlated positively with the
apoptosis of trophoblasts (r = 0.7163, p < 0.01).
Conclusions: The levels of IFN-g secreted by dNK cells at the maternal–fetal interface were closely
correlated with the apoptosis of trophoblasts upon T. gondii infection. The apoptosis of trophoblasts
induced by the increase in IFN-g depended on the caspase pathway, which may contribute to the
abnormal pregnancy outcomes that occur with T. gondii infection.
 2014 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/3.0/).
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Toxoplasma gondii is an extensive intracellular parasitic
protozoon that can infect all warm-blooded vertebrate species
and can lead to reproductive failure in humans and animals.1–3 In
particular, the infection of mothers with T. gondii during early
pregnancy can lead to adverse pregnancy outcomes such as
miscarriage, stillbirth, and preterm labor.4 However, the mecha-
nism by which T. gondii infection causes these serious adverse
human pregnancy outcomes still needs further study.
Successful pregnancy involves subtle immune regulation
mechanisms of the maternal immune system to tolerate the* Corresponding author. Tel.: +86 535 6913270.
E-mail address: xue-mei-hu@163.com (X. Hu).
http://dx.doi.org/10.1016/j.ijid.2014.10.027
1201-9712/ 2014 The Authors. Published by Elsevier Ltd on behalf of International So
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).semiallogeneic fetus at the maternal–fetal interface.5 Uterine
decidual natural killer (dNK) cells that are poorly cytolytic and
produce low amounts of interferon gamma (IFN-g) are the major
immune cells at the maternal–fetal interface and play an
important role in establishing and maintaining a normal pregnan-
cy.6,7 It has been demonstrated that the number of dNK cells
increases signiﬁcantly after T. gondii infection, which may enhance
maternofetal transmission of parasites and be related to the
adverse pregnancy outcomes.8
The balance of Th1/Th2 plays a crucial role in mammalian
pregnancy; Th1-type responses are down-regulated during
pregnancy in order to induce maternal tolerance.9 Some studies
have reported that T. gondii infection is normally controlled by a
strong Th1-type response with IFN-g production,10,11 and that a
predominant Th1 pattern such as up-regulation of IFN-g leads to
rejection of the fetus.12 We previously showed that IFN-g wasciety for Infectious Diseases. This is an open access article under the CC BY-NC-ND
L. Zhang et al. / International Journal of Infectious Diseases 30 (2015) 10–16 11increased in T. gondii-infected mice with abnormal pregnancy
outcomes.13
IFN-g is a key Th1-type cytokine that is mainly secreted by dNK
cells at the maternal–fetal interface, and plays an important role in
controlling excessive trophoblast invasion by inducing apoptosis
of extravillous trophoblasts.14 It has been shown that IFN-g can
inhibit trophoblast invasion, as determined by invasion assays in
vitro.15 On the other hand, an increase in IFN-g in serum and
decidua has also been observed in women with preeclampsia.16,17
The administration of IFN-g to pregnant mice resulted in an
increased fetal abortion rate.18 Therefore a moderate level of IFN-g
produced by dNK cells contributes to normal pregnancy, whereas a
more generalized IFN-g response has been considered detrimental
to fetal development.
It has been shown that the Fas/FasL system induces apoptosis of
trophoblasts,19,20 providing a mechanism for the maternal
immune tolerance to the fetus.21,22 Balkundi et al. demonstrated
that the FasL blocking protein Fas-Fc reduced IFN-g-induced
trophoblast apoptosis.23 Caspase 3 and caspase 8 have been
thought to be essential in Fas-mediated apoptosis.24–27 While IFN-
g may induce the trophoblast apoptosis mainly through the
caspase 3 and caspase 8 pathway,28,29 the mechanism by which the
elevated IFN-g expression contributes to trophoblast apoptosis in
human abnormal pregnancy outcomes following T. gondii infection
still needs to be investigated.
In this study, T. gondii-infected human dNK cells were co-
cultured with human trophoblasts to investigate whether IFN-g is
involved in the apoptosis of trophoblasts through the Fas–caspase-
mediated pathway.
2. Materials and methods
2.1. Sample collection
Tissues were taken from 36 patients who voluntarily and legally
chose to terminate a pregnancy during the ﬁrst trimester (6–12
weeks of gestation) in the Department of Obstetrics and
Gynecology, Chinese Medicine Hospital; written informed consent
was obtained (approved by Binzhou Medical University Ethics
Committee). Decidua tissue and villi tissue were isolated from
fetus and placenta after washing in sterile saline. All procedures
were carried out in accordance with the rules of the Chinese
Medicine Hospital.
2.2. Isolation and culture of human dNK cells
Decidual tissues were washed with cold phosphate-buffered
saline (PBS) solution, cut into 1- to 3-mm pieces with scissors, and
then digested with 0.1% collagenase type IV and 25 U/ml DNase I
(Sigma-Aldrich, United States) in a-Modiﬁed Eagle Medium (a-
MEM) at 37 8C for 30 min. The cell suspension was washed once with
cold PBS, then passed through a 75-mm nylon mesh ﬁlter (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany) and centrifuged at room
temperature at 1000 rpm for 5 min. The cells were isolated using
density gradient centrifugation on Ficoll–Hypaque Lymph (Sigma-
Aldrich, United States) at 2000 rpm for 20 min at 4 8C to isolate the
lymphocyte cells. Lymphocytes were collected and washed twice
with PBS and then centrifuged for 10 min at 1500 rpm at room
temperature. The supernatant was discarded and the dNK cells were
puriﬁed through positive selection using CD56 antibody-coated
magnetic microbeads (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany) and magnet-assisted cell separation. Each sample
included about 1.5  106 (1.5  106  3.2  104) dNK cells. dNK cells
were cultured in a-MEM with 12.5% Fetal Calf Serum (FCS), 12.5%
horse serum, 100 IU/ml penicillin, and 100 IU/ml streptomycin, and
were incubated for 12 h at 37 8C in a humidiﬁed 5% CO2 incubator.2.3. Isolation and culture of human trophoblasts
The villi tissues were immediately washed with PBS and cut
into 1- to 3-mm pieces. The villi tissues were digested using 0.25%
trypsin (Sigma-Aldrich, United States) and 0.02% DNase I (Sigma-
Aldrich, United States) three times for 30 min at 37 8C with
constant shaking. The dispersed trophoblasts were ﬁltered through
a 75-mm nylon mesh ﬁlter (Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany) and were pushed onto a discontinuous Percoll
gradient of 25–65% (GE Healthcare, the UK and Ireland), followed
by centrifugation at 2000 rpm for 20 min to separate the different
types of cells. These cells, between the density markers of 1.049 g/
ml and 1.062 g/ml, were isolated. Cells were washed twice with
Hank’s solution, equilibrated at 37 8C, and cultured for 1 h in high-
glucose, phenol-red-free Dulbecco Modiﬁed Eagle Medium
(DMEM) (GE Healthcare Life Sciences HyClone Laboratories, Utah,
USA) supplemented with 20% Fetal Bovine Serum (FBS) (Gibco,
USA), 2.5 mM L-glutamine, 15 mM 4-(2-hydroxyethyl)-1-Pipera-
zineethanesulfonic acid (HEPES), 100 U/ml penicillin, and 100 mg/
ml streptomycin. The cultured suspension was transferred to
culture ﬂasks that had previously been coated with BD Matrigel
(1:2, Matrigel:DMEM). The cells were cultured at 37 8C in a
humidiﬁed 5% CO2 incubator.
Isolated human trophoblasts were stained with ﬂuorescein
isothiocyanate (FITC) -anti-keratin antibody and P-phycoerythrin
(PE) -anti-vimentin antibody. The keratin+ vimentin cells were
considered as trophoblasts. Each sample contained about 1.0  106
(1.0  106  2.9  104) trophoblasts.
2.4. Yellow Fluorescent Protein (YFP) -T. gondii (RH strain) infected
trophoblasts co-cultured with dNK cells
YFP-T. gondii was a kind gift from Professor Striepen, the Center
for Tropical and Emerging Global Diseases of Georgia University,
USA. YFP-T. gondii was kept in the peritoneal ﬂuid of intraperito-
neally infected Kunming mice every 54 h. Tachyzoites were
collected under sterile conditions and dNK cells were added to
the culture medium of dNK cells at a ratio of 10:1 (T. gondii:cells)
for 2 h. dNK cells were collected and washed twice with PBS to
remove the dissociative T. gondii. The total dNK cells were co-
cultured with prepared trophoblasts at a ratio of 1:1 for 12, 24, 36,
and 48 h, respectively, and at a ratio of 1:5, 1:1, and 5:1 at 24 h.
Cells were then collected for analyses. The uninfected group was
treated similarly to the infected group, except for the T. gondii
infection. The culture was maintained in the same conditions as
reported previously.
2.5. Blocking experiment
Anti-IFN-g neutralizing antibody (R&D Systems, USA) was
added to infected co-cultured cells at 50 mg/ml every 6 h that were
maintained at 37 8C in a humidiﬁed 5% CO2 incubator.
2.6. Caspase 3 and caspase 8 mRNA analysis
The trypsin and DNase I treated villi cells were stained with
Human leukocyte antigen-G (HLA-G) –PE antibody (eBioscience,
USA), and the HLA-G-positive cells were collected as trophoblasts.
The total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), and cDNA was then synthesized using
the Reverse-Transcribe kit (Fermentas, USA), in accordance
with the manufacturer’s instructions. The SYBR Green method
was employed, and b-actin was used as an internal control for
real-time RT-PCR. The forward and reverse primer sets were
designed and synthesized as follows: caspase 3: F-50-GACTGTGG-
CATTGAGACAGAC, R-50-CTTTCGGTTAACCCGGGTAAG; caspase 8:
F-50-TCCTGCCTGCCTGTACCCCG, R-50-GCCCAACCTCACGTGCCCAG;
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TCCCCTGTGTG. The above cDNA was diluted to 50 ng/ml and the
reaction mixture was prepared on ice. The reaction conditions for
caspase 3 and caspase 8 real-time PCR were as follows: 1 cycle of
incubating at 95 8C for 10 min, followed by 40 cycles of incubating
at 95 8C for 15 s, 63 8C for 30 s, and 72 8C for 30 s. The threshold was
set and the cycle threshold (Ct) value for samples was determined.
Relative target gene mRNA expression was normalized to b-actin
expression using the 2DCt method. All reactions were carried out
using a Corbett Rotor-Gene RG-3000 (Corbett Research, Sydney,
Australia) in triplicate for each sample.
2.7. Western blotting
Cells were harvested, washed once with ice-cold PBS,
suspended with lysis buffer (lysis buffer:Phenylmethanesulfonyl
ﬂuoride (PMSF), 16:1) (Biyuntian, China), and then incubated on
ice for 30 min. Lysates of the cells were then centrifuged at
12 000 rpm at 4 8C for 20 min, and 100 mg protein of supernatant
(as determined by protein assay) was mixed with 5 sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
loading buffer and boiled to denature at 95 8C for 10 min. The
denatured protein samples were fractionated with 10% SDS-PAGE
(polyacrylamide gel electrophoresis gels; Invitrogen, Life Technol-
ogies, USA), transferred onto a polyvinylidene ﬂuoride (PVDF)
membrane (BD Pharmingen, San Jose, CA, USA), and incubated with
5% non-fat dry milk in Tris-buffered saline/0.2% Tween-20 for 2 h
to block at room temperature. The membranes were incubated
with rabbit anti-human caspase 3 (eBioscience, USA) and mouse
anti-human caspase 8 (BD Manufacturer, USA) antibodies (1:500
dilution) overnight at 4 8C. Membranes were then washed with 1
TBS-T for 15 min three times, followed by incubation with
horseradish peroxidase conjugated goat anti-mouse and goat
anti-rabbit IgG secondary antibodies (1:10 000 dilution; Amer-
sham Biosciences) for 1 h at room temperature. The membranes
were again washed three times in 1 tris buffered saline-Tween
(TBS-T) and proteins were visualized using an enhanced chemilu-
minescence kit (ECL; F. Hoffmann-La Roche Ltd., Switzerland). The
blot was exposed for various lengths of time. The GAPDH
immunoblot using rabbit anti-reduced glyceraldehyde-phosphate
dehydrogenase (GAPDH) polyclonal antibody (Santa Cruz Biotech-
nology, Dallas, Texas, USA) served as an internal control to
demonstrate equal loading.
2.8. IFN-g assay
Supernatants were harvested and measured for the production
of cytokine using the human ELISA kit for IFN-g (both from
BD Pharmingen, San Jose, CA, USA) in accordance with theFigure 1. dNK cells infected with Toxoplasma gondii for 2 h and then co-cultured with trop
ﬂuorescence microscope at 12, 24, 36, and 48 h. (a) dNK cells infected with YFP-T. gondii
invisible inside dNK cells. (c) At 24 h, a small number of broken dNK cells and tachyzoite
ternate tachyzoites were observed inside the trophoblast cells at 36 h. (e) Tachyzoitesmanufacturer’s protocol. A standard curve was generated using
standard positive protein for each assay. The assay for each
infection time was performed in triplicate.
2.9. Apoptosis assay
Trophoblasts were also isolated with ﬂuorescence-activated
cell sorting staining with HLA-G–PE antibodies. The puriﬁed cells
(2  105 cells in 100 ml) were washed with annexin-binding buffer
(including HEPES 10 mM, NaCl 140 mM, CaCl2 2.5 mM) and then
incubated with 1 ml (5 mg/ml) annexin V–phycoerythrin and 5 ml
(100 mg/ml) propidium iodide (PI; KeyGEN BioTECH, China) at
room temperature for 15 min in the dark. PE+PI and PE+PI+ were
deﬁned as apoptotic cells. Measurements were performed on ﬂow
cytometry using FACSDiva software for analysis. In addition,
puriﬁed trophoblast cells (1  106 cells) were ﬁxed with 4%
paraformaldehyde, stained with Hoechst 33258, and then ob-
served by ﬂuorescence and confocal microscopy.
2.10. Statistical analysis
Data were presented as the mean  standard error of the mean.
SPSS version 17.0 statistical software (SPSS Inc., Chicago, IL, USA) was
used for statistical analyses. One-way analysis of variance (ANOVA)
was used to compare the results of three independent groups for each
time point. The paired t-test was used to compare the results of two
independent groups. Spearman’s correlation analysis was used to test
the correlation between IFN-g and apoptosis of trophoblasts. Results
were considered signiﬁcant when p < 0.05 and very signiﬁcant when
p < 0.01.
3. Results
3.1. T. gondii infection in the co-culture of dNK and trophoblast cells
1  106 dNK cells infected with 1  107 YFP-T. gondii for 2 h
were examined by ﬂuorescence microscopy (Figure 1a) and then
co-cultured with 1  106 trophoblast cells for 12, 24, 36, and 48 h,
respectively. No YFP-T. gondii was observed outside of dNK cells
under the ﬂuorescence microscope at 12 h (Figure 1b). A signiﬁcant
number of tachyzoites were replicated in dNK cells, and a few
broken dNK cells and only a few tachyzoites were observed outside
of dNK cells at 24 h when tachyzoites were not observed in
trophoblasts (Figure 1c). However, more broken dNK cells and
scattered tachyzoites in trophoblasts were observed at 36 h
(Figure 1d), and the number of tachyzoites in trophoblasts
increased at 48 h compared to 36 h due to the proliferation of
tachyzoites (Figure 1e).hoblasts. The YFP-T. gondii in dNK cells and trophoblast cells were observed under a
 for 2 h observed under a ﬂuorescence microscope. (b) At 12 h, all YFP-T. gondii was
s appeared, whereas T. gondii was not observed in trophoblast cells. (d) Coupled or
 had increased and were arranged in a chrysanthemum shape at 48 h.
Figure 2. The levels of IFN-g following Toxoplasma gondii infection. (a) IFN-g in the supernatant of the co-cultured trophoblasts and dNK cells was increased in the infection
group compared with the control group (**p < 0.01), while it decreased with the neutralizing antibodies at 12, 24, 36, and 48 h. In addition, IFN-g was signiﬁcantly up-
regulated at 24 h compared to 12 h of infection (p < 0.05), while there was no difference from 24 h to 48 h (p > 0.05). (b) The level of IFN-g increased with the increase in ratio
of dNK cells to trophoblasts at 24 h of infection (1:5, 1:1, and 5:1).
Figure 3. Caspase 3 and caspase 8 mRNA expression was measured by RT-PCR in trophoblasts. Caspase 3 (a) and caspase 8 (b) were both signiﬁcantly increased in infected
groups compared to control groups at 12, 24, 36, and 48 h (*p < 0.05, **p < 0.01), while both clearly decreased in the presence of neutralizing antibodies to IFN-g compared to
infection groups at all time points tested (*p < 0.05, **p < 0.01).
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We analyzed IFN-g levels in the supernatant of tropho-
blasts co-cultured with dNK cells at 12–48 h after infection
with the ratios of dNK cells to trophoblasts at 1:5, 1:1, and 5:1.
As shown in Figure 2, IFN-g was increased in the infected
groups compared with the normal controls (p < 0.01) and
decreased in the presence of IFN-g neutralizing antibody.
In the infected groups, IFN-g was signiﬁcantly elevated at
24 h compared to 12 h (p < 0.05). In contrast, there was no
signiﬁcant difference at 24, 36, or 48 h (p > 0.05) (Figure 2a).
Meanwhile, the levels of IFN-g were up-regulated when
the ratio of dNK cells to trophoblasts was increased
(Figure 2b).Figure 4. Levels of caspase 3 and caspase 8 correlated positively with the r3.3. Expression levels of caspase 3 and caspase 8 in trophoblasts of the
co-culture system after infection
To analyze the key molecules involved in the apoptosis of
trophoblasts, the mRNA and protein expression of caspase 3 and
caspase 8 were measured. The results showed that the mRNA
expression of caspase 3 (Figure 3a) and caspase 8 (Figure 3b) in
trophoblasts were signiﬁcantly increased in infected groups at 12,
24, 36, and 48 h compared to those of normal control groups
(*p < 0.05, **p < 0.01) and decreased in the presence of IFN-g
neutralizing antibody compared with infected groups (*p < 0.05,
**p < 0.01). In addition, as shown in Figure 4, the mRNA levels of
caspase 3 and caspase 8 were increased in trophoblasts resulting
from increased ratios of dNK cells to trophoblasts (*p < 0.05).atios of dNK to trophoblasts (1:5, 1:1, and 5:1) (*p < 0.05, **p < 0.01).
Figure 5. Caspase 3 and caspase 8 in trophoblasts were analyzed by Western blot. The results showed that caspase 3 was up-regulated in infection groups compared to control
groups at all time points tested (p < 0.05) (a, b). The expression of caspase 3 decreased in the presence of IFN-g neutralizing antibody compared to infection groups (c). The
expression of caspase 8 increased in infected groups compared to controls and decreased in the presence of IFN-g neutralizing antibody compared to infection groups (d).
Figure 6. Apoptosis of trophoblasts were analyzed by confocal microscopy and ﬂow cytometry. Trophoblasts were stained with Hoechst 33258 and observed with the focus
microscope. Apoptosis was indicated by nucleus fragmentation or a crescent shape. We found that rates of nucleus fragmentation and crescent shaped cells were increased
with the constant co-cultured time (a–e). Red arrows indicate apoptotic cells (d, e). The puriﬁed cells were stained with annexin V-phycoerythrin (PE) and propidium iodide
(PI), and similar results were detected using ﬂow cytometry (f–j).
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caspase 3 of trophoblasts was up-regulated in the infected groups
at all time points tested (p < 0.05) compared to the control groups
(Figure 5a, b). The expression tendency of caspase 8 was the same
as that of caspase 3 (data not shown). Further, caspase 3 and
caspase 8 of trophoblasts were down-regulated in the presence of
IFN-g neutralizing antibody compared to the infected group
(Figure 5c, d).
3.4. Trophoblast apoptosis associated with the level of IFN-g following
T. gondii infection
To determine whether IFN-g could induce the apoptosis of
trophoblasts, the apoptosis of trophoblasts co-cultured with dNKTable 1
Percentages of apoptosis of trophoblast cells upon Toxoplasma gondii infection after 12
Group 12 h 24 h 
Apoptosis (%) p-Value Apoptosis (%) p
Control group 10.83  1.75 11.87  1.99 
Infection group 46.54  4.34 0.0035b 66.67  3.33 0
IFN-g neutralizing 21.01  2.07 0.0073b 27.45  2.73 0
IFN-g, interferon gamma.
a 5  105 trophoblast cells were counted and three experiments were repeated in ev
b p < 0.01.cells following YFP-T. gondii infection at different time points was
measured by ﬂow cytometry and laser scanning confocal micro-
scope (Figure 6). Trophoblast apoptosis was increased in the
infected group compared to the uninfected group at 12, 24, 36, and
48 h (Table 1). In addition, trophoblast apoptosis at different ratios
of dNK cells to trophoblasts was also measured by ﬂow cytometry.
The apoptosis of trophoblasts increased with increasing ratios of
dNK cells to trophoblasts (Table 2). Interestingly, we found that the
apoptosis of trophoblasts was decreased in the presence of IFN-g
neutralizing antibody (Table 1). Spearman’s correlation analysis
was used to quantitate the correlation between apoptosis of
trophoblasts and IFN-g secreted by dNK cells. The percentage of
trophoblast apoptosis correlated positively with the level of IFN-g
following T. gondii infection (r = 0.7163, p < 0.01)., 24, 36, and 48 h co-culture, detected by confocal microscopea
36 h 48 h
-Value Apoptosis (%) p-Value Apoptosis (%) p-Value
12.37  1.83 13.73  1.27
.0015b 76.33  3.07 0.0008b 86.00  3.00 0.0011b
.0075b 41.99  2.95 0.0066b 60.09  1.02 0.0063b
ery group.
Table 2
Percentages of apoptosis of trophoblast cells with the different ratios of dNK cells to
trophoblasts at 24 h infectiona
dNK/trophoblast
1:5 1:1 5:1
Control group (%) 9.50  2.22 11.57  2.01 14.28  2.71
Infection group (%) 32.20  3.75 67.27  3.31 77.53  3.73
p-Value 0.0015b 0.0041b 0.0113c
dNK, decidual natural killer cells.
a 5  105 trophoblast cells were counted and three experiments were repeated in
every group.
b p < 0.01.
c p < 0.05.
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T. gondii tachyzoites enter almost all nucleated mammalian
cells and result in adverse pregnancy outcomes in humans and
mice.30 Successful pregnancy requires subtle immune regulation
mechanisms to protect the semiallogeneic fetus from maternal
attack at the maternal–fetal interface.24 Uterine dNK cells, as the
major immune cells at the maternal–fetal interface, play an
important role in maintaining a normal pregnancy.7 In this study,
we found that T. gondii could infect human dNK cells that were co-
cultured with trophoblasts, and they replicated only in dNK cells
during the ﬁrst 24 h when trophoblasts were still uninfected. It has
been reported that T. gondii can replicate itself in NK cells, thereby
escaping damage during the early stage.31 At 36 h and 48 h, T.
gondii could break up dNK cells and infect trophoblasts. This
infection transmitted from dNK cells to trophoblasts in vitro
recapitulates the vertical transmission process in vivo. Therefore
dNK cells play an important role in protection from and vertical
transmission of this parasite.
The establishment of a successful pregnancy requires tropho-
blast invasion into uterine deciduas.32 It has been shown that there
is excessive apoptosis of trophoblasts at the maternal–fetal
interface with T. gondii infection.33 In our study, we found that
trophoblast apoptosis was signiﬁcantly increased during T. gondii
infection. Trophoblast apoptosis was regulated by multiple factors.
IFN-g has been shown to induce the apoptosis of trophoblasts in
some studies.13
Infection with intracellular microorganisms is associated with
Th1-type immune responses and can cause complications during
pregnancy.11 It was reported that protective immunity in mice
infected with T. gondii was associated with an increased number of
maternal NK cells and IFN-g secretion by spleen cells.8 A study by
Senegas et al. revealed that T. gondii-induced abortion in early
gestation was due to a massive IFN-g release in mice.28 However,
there is no related report concerning this result in the human. In
our study, we found that the secretion of IFN-g was signiﬁcantly
up-regulated in dNK cells co-cultured with trophoblasts at the
early stage (12 h and 24 h) following T. gondii infection. This might
result from the anti-infection response of dNK cells.
It has been demonstrated that high concentrations of IFN-g can
inhibit trophoblast invasion through enhancing trophoblast
apoptosis, and the apoptosis regulation disorder is closely related
to the occurrence of adverse pregnancy outcomes.34,35 In this
study, we found that the percentage of trophoblast apoptosis
correlated positively with the level of IFN-g following T. gondii
infection. We speculate that IFN-g elevation accounts for the
increased apoptosis of trophoblasts, which may inﬂuence the
trophoblast invasion into the decidua, and then contributes to
abnormal pregnancy outcomes induced by T. gondii infection.
Additionally, we found that the apoptosis rates of trophoblasts
were up-regulated with increasing IFN-g and decreased in the
presence of IFN-g neutralizing antibodies. This result furthersuggests that IFN-g plays an important role in inducing the
apoptosis of trophoblasts following T. gondii infection, and
therefore, it may become a vital element in abnormal pregnancy.
In addition, the levels of IFN-g secreted by dNK cells at the
maternal–fetal interface were closely correlated with the apopto-
sis of trophoblasts in the early stage of T. gondii infection when
trophoblast infection had not yet occurred. This result suggests
that the apoptosis of trophoblasts is mainly induced by up-
regulation of IFN-g at the early stage of infection. Interestingly, the
apoptosis of trophoblasts increased over time during T. gondii
infection, but the levels of IFN-g did not change beyond 24 h of
infection. These results suggest that both IFN-g and T. gondii itself
are involved in the apoptosis of trophoblasts.
Aschkenazi et al. showed that IFN-g promotes trophoblast
apoptosis in vitro by modulating the expression of the Fas–
caspase pathway.19 In this study, signiﬁcantly up-regulated
expression of caspase 3 and caspase 8 was detected in infected
trophoblasts. This result suggests that IFN-g elevation induced by
T. gondii infection has an effect on the apoptosis of trophoblasts
depending on the caspase-mediated pathway. In addition, we
showed that the expression of caspase 3 and caspase 8 was
increased following the up-regulation of IFN-g and decreased
after IFN-g neutralizing antibody treatment. Our results further
demonstrate that T. gondii-induced trophoblast apoptosis may be
through the Fas–caspase pathway, which can be initiated by
elevated IFN-g.
In conclusion, our results show that increased IFN-g contributes
to the apoptosis of trophoblasts via the caspase-mediated
pathway, which is associated with the abnormal pregnancy
outcomes induced by T. gondii infection. Our study may contribute
to the understanding of the molecular mechanism of abnormal
pregnancy outcomes resulting from T. gondii infection.
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